Maladaptive immune responses are considered to be important factors in the pathogenesis of the two diseases caused by hantaviruses, hemorrhagic fever with renal syndrome and hantavirus cardiopulmonary syndrome (HCPS). While the intensity of adaptive antiviral T-cell responses seems to correlate with the severity of HCPS, there is increasing evidence that innate antiviral responses by endothelial cells, the native targets for hantavirus infection in vivo, are induced within hours of exposure to infectious hantaviruses. To investigate early events in the innate response to Sin Nombre virus (SNV), the principal etiologic agent of HCPS in North America, we treated human endothelial cells with live virus, or virus subjected to inactivation by UV irradiation at minimal doses required to inhibit replication, and assayed host expression of interferonstimulated genes (ISG) by microarray and reverse transcription-PCR. We show herein that a variety of ISG are induced between 4 and 24 h after exposure to both live and killed virus. The levels of such induction at early time points (before 24 h) were generally higher in cells treated with SNV particles that had been killed by exposure to UV irradiation. Additionally, SNV exposed to increasing doses of UV irradiation induced ISG better than live virus despite increased disruption of viral RNA integrity. However, SNV replication was required for continued ISG overexpression by 3 days posttreatment. These results suggest that hantavirus particles may themselves be capable of early induction of ISG and that ongoing production of viral particles during infection could contribute to the pathogenic process.
Sin Nombre virus (SNV) is a New World hantavirus (Bunyaviridae: Hantavirus) that is an important etiological agent of hantavirus cardiopulmonary syndrome (HCPS), a recently recognized human disease (36) . Old World hantaviruses cause a related illness known as hemorrhagic fever with renal syndrome. Hantaviruses are rodent-borne viruses with a tri-segmented negative-sense genome comprised of L, M, and S segments encoding the viral polymerase, envelope glycoproteins G 1 and G 2 , and the nucleocapsid protein, respectively (23) . The natural reservoir host of SNV is the deer mouse (Peromyscus maniculatus), a common North American mammal with a large habitation range (9, 33) . Deer mice that have been infected by SNV show no apparent pathogenic affects and maintain the virus in a persistent infection, although the deer mouse does develop a specific immune response to SNV infection, as exemplified by the presence of high titers of neutralizing antibodies (8) . Although there are several other hantaviruses that cause HCPS in the New World, SNV accounts for the overwhelming majority of cases reported in North America (13, 47) .
SNV is primarily transmitted to humans via accidental inhalation of virus-contaminated rodent urine, feces, or saliva (37) . HCPS is characterized by an initial onset of flu-like symptoms followed by acute pulmonary edema resulting from increased vascular permeability, but death is usually attributable to hypotension and cardiogenic shock, leading some investigators to use the term "hantavirus cardiopulmonary syndrome" rather than "hantavirus pulmonary syndrome" (46) . Approximately 380 cases of HCPS have been reported in the United States as of early 2005 , with a 38% mortality rate (www.cdc.gov/ncidod /diseases/hanta/hps/index.htm).
Vascular endothelial cells are the primary targets of SNV infection in humans, which the virus infects without causing any apparent cytopathic effects (34, 47) . A subsequent increase in pulmonary vascular permeability contributes significantly to the disease process, which is consistent with the known role of endothelial cells in regulation of vascular permeability (35, 43) . Additionally, it is observed that patients who succumb to HCPS have an abundance of cytokine-producing cells in lung tissues. Recently, it was further suggested that virus-specific CD8 ϩ T cells may contribute to the severity of disease (14, 25, 31, 34, 47) . These observations suggest that immune-mediated mechanisms induced by virally infected endothelial cells are important in the pathogenesis of SNV, but it remains unclear whether innate or acquired immune mechanisms or both are important in the pathogenesis of HCPS.
To understand the initial events that lead to disease, it would be helpful to examine viral interactions with host endothelial cells and to characterize the innate antiviral responses associated with infection. Alpha/beta interferons (IFN-␣/␤) have long been known to be induced by viral infections to produce an antiviral state in cells in an autocrine and paracrine fashion (19, 38) . One of the best-characterized antiviral pathways for the induction of IFN-␣/␤ is mediated through double-stranded RNA (dsRNA) acting on toll-like receptor 3 (TLR3) (1, 42) . This interaction induces the transcription of the chemokines RANTES and IP-10 and of interferon-stimulated genes (ISG) 15 , 54, 56, and 60 and 2Ј-5Ј-oligoadenylate synthetase (OAS) (18, 28) . Newly synthesized IFN-␤ then binds cell surface receptors, activating the Jak/STAT pathway, which in turn results in the transcription of additional ISG and additional IFN-␣/␤ via IRF3-, -7-, and -9-related pathways. The above events are known to be initiated via dsRNA, which is an intermediate product of active replication by single-stranded RNA (ssRNA) viruses. Viral dsRNA can induce the transcription of certain ISG through an IFN-independent mechanism. However, recent investigations have shown that some viruses can induce ISG activation through an uncharacterized dsRNA-independent, replication-independent pathway, through the RNA helicase RIG-I and, in other cases, ssRNA has been implicated in ISG signaling through TLR7 or TLR8 (6, 11, 40) .
To assess host events that are involved in SNV recognition and subsequent responses, we used microarrays to identify genes that are differentially regulated after exposure to either live SNV or replication-defective, UV-inactivated SNV, under the presumption that genes that are regulated in response to replicating virus but not by UV-inactivated virus are involved in antiviral responses that require the ongoing expression of viral gene products and/or the presence of the replication intermediate, dsRNA. By contrast, genes induced by the UVkilled SNV are responses to recognition of one or more components of the viral particle, possibly in the context of its internalization by the cell.
We found that SNV and UV-inactivated SNV elicit a similar gene expression profile at 1 day postexposure in human primary endothelial cells; the response to killed virus often exceeded that of the live virus at early time points, and the response to live virus exceeded that of killed virus at later time points. Many of the up-regulated genes are involved in characterized ISG pathways. We show that there is a rapid induction of ISG even by particles that have sustained substantial damage to the RNA genome, a finding that all but excludes active viral transcription in induction of the signaling cascade and that calls into question whether dsRNA or ssRNA is acting as the proximate ligand that elicits expression of ISG. Furthermore, IFN-␣/␤ are not transcriptionally induced by exposure to SNV particles in our assays.
MATERIALS AND METHODS

Cells and virus.
We purchased pooled primary human umbilical vein endothelial cells (HUVEC) from Clonetics (San Diego, CA) and propagated them in EBM-2 medium supplemented with the bullet kit (Clonetics), which supplies growth factors, including vascular endothelial growth factor. We previously described the isolation of SNV strain SN77734 from a New Mexican deer mouse (7); SNV was propagated and the titer was determined in Vero E6 cells under strict standard operating procedures using biosafety level 3 facilities and practices (CDC registration number C20041018-0267). For preparation of UV-inactivated SNV, we placed 100 l of virus stock (typically 1.5 ϫ 10 6 to 2 ϫ 10 6 focus-forming units/ml) in each well of a 96-well plate and subjected the virus to UV irradiation at 254 nm for various time intervals (ϳ5 mW/cm 2 ). We established that virus inactivation was complete at 10 s of exposure using a focus assay (3) . We also determined the effects of UV irradiation on the viral genome and protein constituents G1, G2, and N with real-time reverse transcription-PCR (RT-PCR) and Western blotting, respectively (unpublished data).
HUVEC infections. We plated HUVEC at passage 1 to 3 onto 12-mm glass coverslips in 12-well tissue culture plates or in plastic tissue culture flasks (Corning) at a density of 10,000 cells/cm 2 or 2,500 cells/cm 2 , respectively. Cells were incubated at 37°C in the presence of 5% CO 2 , and medium was changed every 2 days. When the cells reached 85 to 90% confluence, the medium was removed and we then added either live SNV or UV-inactivated SNV at a multiplicity of infection (MOI) of 1 to the culture vessel. We incubated the virus or killed virus for 1 h at 37°C in the presence of 5% CO 2 with periodic rocking. We then removed the virus-containing medium, washed the cells once in phosphatebuffered saline (PBS), and replaced it with fresh medium.
IFA. For immunofluorescence assay (IFA) studies, we grew HUVEC on glass coverslips and infected or mock infected them for 1 or 3 days with SNV and then washed them in PBS and fixed them onto the slides with 4% paraformaldehyde for 30 min. After another wash in PBS, we permeabilized them by treatment with 0.2% Triton X-100 for 7 min and then washed and preblocked with 4% PBSbovine serum albumin (BSA) for 10 min. Primary rabbit antinucleocapsid immune sera or control preimmune sera at a 1:10,000 dilution in PBS-BSA were then incubated with the cells for 1 hour at room temperature. After the cells were again washed, we applied a secondary fluorescein isothiocyanate (FITC)-labeled anti-rabbit immunoglobulin G (IgG) antibody (Boehringer Mannheim) at a 1:1,000 dilution in PBS-BSA to the cells for 1 h at room temperature. We then washed the coverslips in distilled water and mounted them onto glass slides. We observed and photographed the stained cells using a Zeiss Axioskop fluorescent microscope equipped with a Zeiss Axiocam digital camera (Carl Zeiss, Germany). The fraction of cells that were infected was estimated through review of multiple random fields from two separate infection experiments.
RNA preparation and microarrays. We exposed 80% confluent HUVEC at passage 2 in T75 flasks to either live or UV-inactivated SNV (MOI of 1.0) or mock-infected cultures treated identically with HUVEC medium in duplicate as described above. At 1 and 3 days posttreatment, total RNA was isolated using the RNeasy kit (QIAGEN). We conducted replicate target synthesis and replicate microarray experiments on different days from replicate cell cultures. A poly(A) ϩ spike in control (Affymetrix) was added to the total RNA as a control for the efficiency of target synthesis, followed by using the GeneChip Expression cDNA synthesis kit (Affymetrix) to produce cDNA. We generated biotinylated cRNA targets using the in vitro transcription labeling kit (Affymetrix). To assess the quality of the RNA, we examined it visually to determine whether highermolecular-weight forms were in abundance with the RNA Nano LabChip kit with a Bioanalyzer 2100 instrument (Agilent Technologies, Palo Alto, CA). After determining that the RNA was of good quality, we hybridized 15 g of fractionated cRNA (Affymetrix Clean-up module) to Affymetrix HG-U133 PLUS 2.0 microarray slides for 16 h and then washed and stained the arrays using the fluidics FS 450 station (Affymetrix). Fluorescence images were captured using the GeneChip scanner, and all chips were scaled to 500 using the Affymetrix GeneChip operating software. The fluorescence data were analyzed using GeneSpring version 6.1 software (Silicon Genetics, Redwood City, CA). We statistically analyzed replicate chips for each gene using a Student t test. One-day and 3-day gene expression values for duplicate treated samples were normalized relative to the mean values of mock-infected samples from 1-day and 3-day cultures, respectively. We statistically compared the intensity of hybridization for individual genes to controls using a one-way analysis of variance, with significance set to P Յ 0.05. Regulated transcripts were filtered by having an expression fluorescence intensity of Ͼ250, a twofold or more change in expression, and genes with a present signal, indicated by specific target hybridization to perfectly matched probes but not mismatched probes differing by a single base, in at least one treatment sample for up-regulated genes and at least one control sample for down-regulated genes.
Real-time SYBR Green and TaqMan RT-PCR. For SYBR Green RT-PCR, we performed reverse transcription using 2 g of total RNA and random hexamer primers in 50-l reaction mixtures using the Applied Biosystems (ABI) TaqMan reverse transcription reagents kit (ABI, Foster City, CA). For PCR, we used the Applied Biosystems SYBR Green core reagents kit to perform reactions in triplicate using 3 l of cDNA and a 0.4 M final concentration of each primer in a 25-l total reaction volume. The primers we used were the following: GAPDH, sense (5Ј-GGAAGCTCACTGGCATGGC-3Ј) and antisense (5Ј-TAG ACGGCAGGTCAGGTCCA-3Ј); RANTES, sense (5Ј-TGCCTCCCCATATTC CTCGG-3Ј) and antisense (5Ј-TGGGTTGGAGCACTTGCCAC-3Ј); MxA, sense (5Ј-TGATCCAGCTGCTGCATCCC-3Ј) and antisense (5Ј-GGCGCACCT TCTCCTCATAC-3Ј); ISG56, sense (5Ј-TCTCAGAGGAGCCTGGCTAAG-3Ј) and antisense (5Ј-CCACACTGTATTTGGTGTCTAGG-3Ј); ISG15, sense (5Ј-TGGTGGACAAATGCGACGAA-3Ј) and antisense (5Ј-CAGGCGCAGATT CATGAAC-3Ј); IFI35, sense (5Ј-TCCCCCTGGTATTCCGAGGA-3Ј) and antisense (5Ј-TGTTGCAGCACCTGCTCAGC-3Ј); and TLR3, sense (5Ј-ACC TGAATTTGAAACGGTCTTTTACT-3Ј) and antisense (5Ј-CTTCCATGTTAA GGTGCTCCAAAC-3Ј). We incubated the reaction mixtures at 50°C for 2 min and then 95°C for 10 min, followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 min using an ABI Prism 7000 sequence detection system. We subjected the reactions to dissociation curve analysis to exclude the possibility of nonspecific amplification, and we then calculated the change for each gene using the mean of the change in Ct values (⌬Ct) normalized to the Ct values of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for each sample (2
Ϫ⌬⌬Ct
). We performed TaqMan RT-PCR for viral S-segment RNA as previously described (8) . Briefly, we extracted viral RNA from 140 l of HUVEC culture supernatant using the QIAamp viral RNA mini kit (QIAGEN) or from cells using the RNeasy kit as above. We then reverse transcribed 3 l of RNA using an S-segment-specific sense primer (5Ј-AGCACATTACAGAGCAGACGGGC-3Ј) and subjected 5 l of the resulting cDNA to PCR with S-segment-specific primers, sense (5Ј-GCAGACGGGCAGCTGTG-3Ј) and antisense (5Ј-AGATCA GCCAGTTCCCGCT-3Ј), and a fluorescently labeled TaqMan probe (5Ј-[carboxyfluorescein]-TGCATTGGAGACCAAACTCGGAGAACTT-[tetramethyl carboxyrhodamine]-3Ј) in triplicate PCRs using an ABI Prism 7000 sequence detection system. We quantitated the viral RNA using a standard curve generated using S-segment templates of known copy number.
Western blotting. We cultured HUVEC in six-well plates and treated them with SNV or UV-killed SNV as above. At 12, 24, or 36 hours posttreatment, we trypsinized and washed the cells once with ice-cold PBS. We made whole-cell extracts using 200 l of a buffer containing 1% Triton X-100, 0.5 M Tris, 0.1 M EDTA, 2% glycerol, 10% ␤-mercaptoethanol, 2% sodium dodecyl sulfate (SDS), and Complete Mini protease inhibitor (Roche). We then separated equal volumes of lysates on 12.5% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) gels and electrophoretically transferred the proteins to nitrocellulose membranes for 1 h at 100 V. We blocked the membranes in 5% milk-PBS for 1 h and then probed them with a primary rabbit anti-ISG56 antibody for 2 h at a dilution of 1:1,000 or with an anti-actin antibody (Santa Cruz SC-1616-R) at a 1:2,000 dilution. We washed the membranes three times for 5 min each in Western wash and incubated them with a peroxidase-labeled anti-rabbit IgG secondary antibody for 1 h. To visualize the proteins, we washed the membranes again and developed them using enhanced chemiluminescence and Kodak BioMax MR film.
Blocking by neutralizing antisera against SNV. Using a heat-inactivated (56°C, 30 min) serum with a known focus reduction neutralization titer of 1:800/ml, we neutralized an aliquot of live SNV by adding 5 or 2.5 l of the plasma to 100 l of SNV (1.5 ϫ 10 6 FFU/ml) and incubated the mixture for 30 min at room temperature with periodic mixing. We then treated HUVEC with this mixture or with SNV alone for 1 hour, removed the supernatant, and added fresh medium. After 6 hours of incubation, we harvested total cellular RNA and quantitated the ISG response using real-time RT-PCR as described above. As controls we also examined the plasma of an SNV-seronegative individual as well as the serum of a rabbit with antibodies raised against recombinant SNV N antigen (titer, 1:10 6 /ml by Western blotting), a serum which is known to lack any neutralizing activity (data not shown).
Statistical analysis. Statistical analyses were performed on replicate samples using an unpaired Student's t test. The mean Ϯ standard error of the mean is represented, and significance (P Ͻ 0.05) is reported where appropriate.
RESULTS
Sin Nombre virus, but not UV-killed SNV, infects and replicates in human endothelial cells.
It has previously been shown that SNV is able to infect human endothelial cells in vitro (16, 41) . We cultured primary HUVEC on glass coverslips and exposed them to live or UV-killed SN77734 SNV at an MOI of 1.0. At 1 and 3 days postinfection (p.i.), we assessed the expression of viral N antigen using an indirect IFA with rabbit anti-N antibody and FITC-conjugated anti-rabbit IgG. Fluorescence microscopy showed that at 1 day p.i., approximately 30 to 40% of the cells displayed visible staining for nucleocapsid antigen, while at 3 days p.i., approximately 70 to 80% of the cells showed such staining (Fig. 1) . Infected samples stained with preimmune sera showed staining characteristics similar to mock-infected controls, easily distinguished from specific staining (data not shown). Live SNV replicates in HUVEC, whereas UV-killed SNV does not. HUVEC were treated for 1 hour with SNV at an MOI of 1.0 (squares) or an identical amount of SNV that had previously been exposed to UV irradiation at 254-nm for 15 seconds (triangles). Cells were washed and incubated for the indicated amount of time while medium was changed every other day. Total cellular RNA from confluent T25s (A) or from 140 l of culture supernatant (B) was extracted at the indicated time points and reverse transcribed using an SNV S-segment forward primer (8) . Viral RNA was quantitated by TaqMan using an S-segment primer and probe set and standards of known copy number. PCR was performed in triplicate for duplicate experiments. Results are reported as the mean Ϯ standard error of the mean.
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To confirm that the virus is actively replicating in these cells, we isolated RNA from SNV-infected and UV-inactivated SNV-treated cells and cell culture supernatants exposed to the same amount of virus. RNA was harvested at 1 hour, 1 day, and every other day until 9 days posttreatment, and real-time PCR was used to quantitate cDNA generated with a primer designed to transcribe the S-segment negative-sense RNA (8) to determine viral-sense RNA (vRNA) load in these samples (Fig. 2) . Immediately following UV treatment, there was a 5.8-fold decrease in the titer of S-segment RNA in the killed virus preparation. Productivity of vRNA in the SNV-infected HUVEC peaked at 24 h p.i., as manifested by a 4.7-fold increase in titer compared to cells harvested 1 hour p.i. (Fig. 2A) . By contrast, the productivity of S-segment vRNA in supernatant was highest at 3 days p.i., increasing 7.4-fold from 1 hour p.i. (Fig. 2B) . The UV-killed SNV samples showed small increases in vRNA at 1 day p.i. for both cell and supernatant vRNA isolations with a 1.2-fold increase in each case, possibly due to incomplete release of viral particles from the cell surfaces during the wash step. By 3 days p.i., there was a sharp decrease in vRNA to almost undetectable levels out to 9 days p.i.
The SNV-infected and UV-killed SNV-treated HUVEC cultures showed similar growth characteristics to control samples throughout the 9-day period of observation, indicating that neither virus treatment interferes significantly with normal cell division and growth in culture (not shown).
SNV and UV-inactivated SNV induced similar responses at 1 day but different responses by 3 days postexposure. We compared the list of differentially regulated genes from HUVEC that had been exposed to live SNV with that of UV-killed SNV to determine which genes were differentially regulated by replicating SNV and which genes could also be induced by the mere presence of the viral particle, respectively. Of the 64 genes that were differentially regulated by SNV and the 70 genes regulated by UV-killed SNV at 24 h p.i., 35 genes appear on both lists (Table 1) . Thirty-one of the shared genes a Microarray and real-time RT-PCR fold changes of genes regulated in common at 1 day by both treatments and their respective regulations at 3 days posttreatment. The RANTES and TLR3 genes were not regulated at day 1 by microarray but were used for RT-PCR analysis. NA, genes that were not shown to be regulated by microarray analysis.
were up-regulated, and four were down-regulated. The ratio of fold increase for SNV-infected cells compared to those that received UV-killed SNV for the up-regulated transcripts ranged from 0.62 to 1.18 (average, 0.83), indicating that the UV-inactivated virus regulated these common genes to a similar or greater extent as the replication-competent virus at 24 h p.i. The average SNV/UV-killed SNV ratio for the down-regulated genes ranged from 0.62 to 1.06 (average, 0.79), again indicating that the virus down-regulated these genes to a similar extent. Those genes that were up-regulated only by live or only by killed SNV were generally only slightly up-regulated or down-regulated by the treatment, relative to controls that received medium only. Of the 24 genes up-regulated threefold or more by the live virus, only 5 were not represented on the inactivated virus list. In every case, it is possible that the genes were regulated to a similar extent by the two treatments but were removed from one of the two lists because of statistical stringency or because of target binding to mismatch probes (see Materials and Methods). Similarly, of the 27 genes upregulated threefold or more by the UV-killed SNV, only 4 were not represented on the SNV-infected lists, and these genes were marked absent although regulated to a similar extent.
Almost half of the genes that were regulated in common at 1 day p.i. are already known to be interferon-inducible or -related genes, including IRF7, ISG15, -17, -27, -35, -44, -54, -56, and -60, Mx1, and OAS1, -2, and -3. All of these genes were regulated to a similar extent by exposure to live or UVkilled SNV. Despite the induction of ISG, no IFN-␣ or -␤ genes were up-regulated, indicating that transcription of the above genes may be induced through an IFN-independent pathway as described previously (44, 48) .
By 72 h p.i., we found 17 genes to be up-regulated in common from the SNV (576 genes) and UV-SNV (38 genes) lists. Thirteen were up-regulated and four were down-regulated. The SNV/UV-killed SNV fold change ratio for up-regulated genes ranged from 2.02 to 53.7 (average, 32.1), indicating that in all cases, genes were more strongly induced by replicationcompetent, live SNV at this later time point. The comparable ratio for down-regulated genes ranged from 0.52 to 1.16 (average, 0.87), indicating that live SNV regulated these genes to a slightly lesser extent. As with the 1-day samples, many of these common genes are known to be regulated by IFN, but by 3 days p.i., these transcripts were greatly decreased in abundance in the UV-killed SNV sample compared to the SNV sample. As with the 1-day p.i. samples, no increase in IFN-␣/␤ transcription by either treatment was observed, and no increase in IFN-B was measurable by enzyme-linked immunosorbent assay (data not shown) using supernatants of cells exposed to SNV or killed SNV.
Real-time SYBR Green RT-PCR of selected genes confirms the array data. To verify that genes were truly differentially regulated by SNV as assessed by microarrays, we extracted RNA from SNV-infected, UV-killed SNV-treated, and mockinfected HUVEC at 1 and 3 days p.i. and reverse transcribed it into cDNA. Genes that we chose to subject to RT-PCR analysis were either not regulated or up-regulated on the microarrays. Primers for GAPDH, RANTES, MxA, ISG15, IFI35, and TLR3 were used along with SYBR Green chemistry to quantitate gene transcripts by real-time PCR. Cycle values (Ct) were normalized to the optical density of total RNA, and transcript abundance relative to mock-infected samples was calculated (Table 1) . In most cases, especially under conditions at which there was substantial induction in expression by treatment, real-time PCR showed greater regulation of genes tested. The greatest differential was in the day 3 RANTES sample, with a 5.9-fold difference between array and real-time PCR values. p56 protein levels are similarly increased by SNV and UVkilled SNV. p56 is an antiviral protein with translation initiation inhibitory properties and is known to be strongly induced by many viruses at early time points postinfection (11, 20) . To determine whether SNV or UV-killed SNV is able to induce p56 translation, we treated HUVEC with SNV or killed SNV at an MOI of 1.0 for 1 hour and made whole-cell lysates 12, 24, or 36 h posttreatment. We used poly(I-C) as a positive control for ISG56 induction. Equal volumes of lysates were used for SDS-PAGE and Western blotting and probed with anti-ISG56 polyclonal antibodies (see Materials and Methods). Actin levels were used as a protein loading control. By 24 h posttreatment, there was a strong increase in the expression of ISG56 in both SNV and UV-killed SNV samples. At 36 h posttreatment, there was an additional increase in expression by both treatments compared to mock-infected HUVEC at this time point (Fig. 3) .
SNV and killed SNV can induce an ISG response by 2 hours posttreatment.
To analyze the induction kinetics of the innate response pathway by both virus treatments, we treated cells with live or killed virus for 1 hour and harvested RNA 1, 2, 4, 8, or 12 h posttreatment to be used in real-time PCR experiments. Primers for ISG56 and MxA were chosen as markers of an innate response. These genes were chosen because ISG56 was the highest induced gene by live virus at 1 day p.i., and it has been previously demonstrated elsewhere that MxA is induced and has antiviral properties in the context of hantavirus infections (24) . SNV and UV-killed virus treatment showed increases in transcription of ISG56 by 2 hours posttreatment (2.9-fold and 3.8-fold, respectively) (Fig. 4) . By 4 hours posttreatment, MxA was increased 11.3-fold and 14.2-fold in the live and killed virus samples, respectively. At 8 and 12 h posttreatment, levels of ISG56 and MxA continued to increase in both treatment groups, although the UV-killed virus elicited increased transcription all cases.
UV-killed SNV elicits ISG responses independent of vRNA integrity. As described above, UV irradiation significantly reduces the ability to amplify intact viral RNAs by PCR. To examine the kinetics of ISG gene transcription as a function of viral UV irradiation, we treated HUVEC for 1 hour with SNV exposed to UV for the indicated times (Fig. 5) . Six hours postinfection, we performed real-time RT-PCR of cellular RNAs using ISG56-or MxA-specific primers. We also quantitated S-segment vRNA as a function of UV irradiation immediately following exposure (Fig. 5) . As a control to exclude the possibility that there is a nonspecific proinduction effect associated with UV irradiation of RNA, we treated HUVEC with poly(I-C) exposed to UV for 0 or 60 seconds and performed gene-specific real-time RT-PCR as above. SNV vRNA titers significantly decreased as a function of UV exposure. In contrast, ISG transcription was enhanced by UV exposure and remained above or equal to that of untreated SNV out to 2 VOL. 79, 2005 HANTAVIRUS INNATE IMMUNE RESPONSES 15011
on September 22, 2017 by guest http://jvi.asm.org/ minutes of UV exposure, before finally decreasing to control levels after 8 minutes of exposure. The ability of poly(I-C) to induce an antiviral response was decreased by 2.8-fold after 1 minute of UV exposure (data not shown). The ISG response is blocked by neutralizing antisera. Vero E6 cells, which we used to propagate the virus, are deficient in IFN-␣/␤ responses, and so it is unlikely that the results reported here are influenced by soluble antiviral mediators like IFN produced by these cells. However, to rule out the possibility that the observed ISG response is induced by nonviral factors, we incubated SNV with various dilutions of heat-inactivated plasma obtained from a convalescent HCPS patient or control human sera. We incubated the plasma with a constant amount of virus at ratios of 1:20 or 1:40 (vol/vol) for 30 min at room temperature and then incubated it with HUVEC cultures for 1 hour as above. Six hours after treatment, we harvested total RNA and determined the expression levels of ISG56 by quantitative RT-PCR compared to those of untreated cells and cells exposed to SNV without prior incubation with antisera or to cells incubated with a 1:20 dilution of rabbit anti-recombinant N sera (Fig. 6 ). Both dilutions of the convalescent-phase sera completely blocked induction of ISG expression, whereas human preimmune and rabbit anti-N sera reduced the ISG response by twofold or less.
DISCUSSION
Transcription of ISG can be induced by nucleic acid templates ranging from dsDNA to dsRNA and ssRNA (12, 21, 29) . We used UV-killed SNV as a control, in part, to help us determine the role of nucleic acids in induction of ISG transcription in the setting of hantavirus infection. Using a 66-nucleotide target from the S genome for TaqMan amplification, we showed that UV treatment causes a five-to sevenfold diminution of abundance of this very short template which, if extrapolated to consider the entire ϳ12.2-kb length of the viral genome, suggests that the RNA genome at large was severely compromised by the UV treatment. The apparent ability of hantavirus particles to elicit ISG is consistent with data reported using several other virus systems (11) .   FIG. 3 . p56 protein expression is up-regulated at 24 h p.i. by live and UV-killed SNV. HUVEC were treated for 1 hour with either conditioned medium (lanes 1 and 9), with SNV (lanes 2, 4, and 6), with SNV that had been exposed to UV for 15 seconds (lanes 3, 5, and 7), or with poly(I-C) (50 g/ml) (lane 8). Cells were then washed and incubated for 12 h (lanes  1 to 3), 24 h (lanes 4 and 5) , or 36 h (lanes 6 to 9), and whole-cell lysates were prepared. An equal volume of lysate was separated on 12.5% SDS-PAGE gels and transferred to nitrocellulose membranes. The membranes were probed with a rabbit anti-p56 antibody or an antiactin antibody, followed by a peroxidase-labeled anti-rabbit antibody. Films were developed using enhanced chemiluminescence.
FIG. 4.
Either live or UV-killed SNV induces ISG transcription at early times postexposure. HUVEC were exposed to live or UV-killed virus (15 seconds) an an MOI equivalent of 1.0 for 1 hour and washed and incubated in normal medium. At the indicated times, total RNA was extracted from cells and subjected to real-time RT-PCR using MxA-or ISG56-specific primers. Changes in abundance of each mRNA were normalized to GAPDH, and the corresponding changes were calculated using the 2
Ϫ⌬⌬Ct method (see methods). PCR was performed in triplicate for duplicate experiments. Results are reported as the mean Ϯ standard error of the mean. ‫,ء‬ P Ͻ 0.05 compared to samples that had been treated with live SNV at the same time point.
FIG. 5. SNV exposed to UV irradiation induces ISG transcription despite increased disruption of vRNA. SNV was exposed to UV irradiation for the indicated amount of time and either immediately assayed for S-segment vRNA by TaqMan using a 66-nucleotide target amplimer (7, 8) (open circles and right y axis) or used to treat HUVEC. After treatment for 1 hour, HUVEC were washed and incubated for 6 hours, and total cellular RNA was extracted and used for real-time RT-PCR using p56-and MxA-specific primers (left y axis). Gene changes were normalized to GAPDH and calculated using the 2 Ϫ⌬⌬Ct method (see Materials and Methods). PCR was performed in triplicate for duplicate experiments. Results are reported as the mean Ϯ standard error of the mean. ‫,ء‬ P Ͻ 0.05 compared to mRNA abundance in cells exposed to nonirradiated SNV (0 seconds).
Our results were generally consistent with those reported by other investigators examining host responses of endothelial and epithelial cells to infection with pathogenic hantaviruses (17, 32) , but through the use of UV-killed SNV we were able to make several new observations. We confirmed that viral replication occurred in HUVEC that were infected with live SNV and that ISG were induced strongly by 24 h p.i. However, we were also able to demonstrate that killed SNV, even under circumstances in which the ssRNA genome had been nearly completely destroyed, was still able to elicit an ISG response of similar or greater magnitude to that seen with live virus as early as 4 hours p.i. Considering that dsDNA and dsRNA are likely to be present in hantavirus preparations at vanishingly low concentrations if at all, the fact that dramatic reductions in ssRNA integrity induced by UV irradiation did not reduce the intensity of ISG responses at 24 h suggests that the inductions of ISG were triggered by either a non-nucleic acid component or possibly an RNA that is associated with the hantavirus particle but was too small a target to be destroyed by moderate doses of UV light. It is also possible that UV irradiation alters the structural properties or aggregation of the virus, resulting in a particle that better promotes receptor cross-linking and thus enhances ISG production. Focus assays using this inactivated virus preparation confirm that the UV-killed virus is replication defective, and Western blotting demonstrates that there is no significant degradation of viral structural antigens (C. Ye and B. Hjelle, unpublished observations).
Many of the ISG regulated here are involved in previously characterized pathways of the host defense. Some RNA viruses, in some contexts, can induce a similar antiviral state as seen here through pathways, such as the pattern recognition receptor TLR3, via dsRNA intermediates produced as a product of the replication of a viral ssRNA genome or by cellular responses to viral proteins (1, 42) . In those experiments, a strong antiviral response was produced in the absence of either dsRNA intermediates or de novo viral protein synthesis by the UV-killed virus. The fact that cellular gene expression in our experiments at this early time point was similar in the two treatment groups despite active viral replication in the HUVEC infected with live virus indicates that these changes in gene expression are likely induced by virus-cell interactions, such as binding of a receptor or internalization, and not by processes involved in replication, such as the production of dsRNA and viral proteins. The demonstration that increased induction of ISG continued to occur in viral preparations that had been subjected to increasing doses of UV light that were well beyond that needed to completely inactivate the virus strongly suggests, in concert with the results of others, that viral transcription is not necessary to transduce signals leading to induction of ISG (11) . The induction of an ISG response through a replication-independent pathway has recently been shown for three negative-sense RNA viruses (11) . Treatment of cells with these viruses resulted in the activation of many ISG and downstream effectors. The host recognition mechanisms by which inactivated viruses are recognized have yet to be elucidated, but they may involve recognition of viral glycoproteins and/or signaling by host receptor and internalization machinery through cytoplasmic pathways. For example, replication-defective human cytomegalovirus can elicit ISG expression that is likely mediated by cellular interactions with the envelope glycoprotein gB (6) .
While many of these regulated gene pathways are involved in known IFN-␣/␤-related pathways, transcription of IFNs themselves was not observed with either the live or killed virus in these experiments. It is known that most IFN-␣/␤ expression is transcriptionally regulated (4, 27) , and the absence of any IFN gene induction as suggested by the microarray experiments indicates that little or no new IFN is being produced by these cells. Transcription of IFN and ISG results in many antiviral cellular responses, including apoptosis, differential regulation of protein synthesis, up-regulated major histocompatibility complex class I expression, elaboration of cytokines and chemokines, and degradation of RNA. It has been previously demonstrated that ISG induction can proceed through an IFN-independent pathway, and this may account for the inductions seen here (2, 20, 44, 45) . That such pathways exist is supported by experiments demonstrating that cytomegalovirus can elicit antiviral responses in IFN null cells (6) . By 3 days p.i., many additional IFN-related genes were upregulated by the live virus, including the chemokines IP-10, IP-9, and RANTES, but few genes continued to be up-regulated by the killed virus. These chemokine genes can also be induced via an IFN-independent pathway and are known to be induced by other hantaviruses (17, 41) . It is likely that an antiviral dsRNA recognition pathway is induced by the live virus at this time point, because TLR3, MyD88, STAT1 and -2, and protein kinase R are induced, but there is still an absence of IFN transcripts. Other researchers have detected increases in expression of IFN-␣/␤ in response to hantaviruses (17, 26) . FIG. 6 . Preexposure of SNV to plasma obtained from a patient convalescing from HCPS that bears neutralizing antibodies abrogates the induction of ISG56 mRNA expression. A control plasma sample from a seronegative patient (Ϫ), a convalescent-phase plasma sample from an HCPS patient (ϩ), or rabbit anti-rec-N antiserum were each heat inactivated for 30 min and then incubated with SNV at either a 1:20 or 1:40 dilution for 30 min at room temperature. We exposed HUVEC to antiserum-treated or untreated SNV for 1 hour, harvested RNA 6 hours after treatment, and then subjected total cellular RNA to quantitative RT-PCR using ISG56-specific primers. Changes were normalized by measuring ISG56 mRNA abundance relative to GAPDH mRNA and compared to that observed with untreated HUVEC (Con). PCR assays were performed in triplicate for each of the duplicate experiments. Results are reported as the mean Ϯ standard error of the mean.
VOL. 79, 2005 HANTAVIRUS INNATE IMMUNE RESPONSES 15013
Differences in this observation could be due to the virus used, the MOI, or the time points selected for analysis. While confirmatory quantitative RT-PCR experiments generally showed very slightly increased expression of ISG with live SNV relative to killed SNV at 24 h (after which time SNV presumably has begun to replicate), at earlier time points (between 4 and 12 h p.i.) the UV-killed virus up-regulates ISG56 and MxA to a greater extent than does the live virus. Additionally, unlike the poly(I-C) control, virus exposed to UV for longer times resulted in an increase in ISG56 and MxA transcription out to approximately 2 minutes exposure, while the ability to detect RNAs of viral stocks immediately following UV exposure sharply decreased by 15 seconds of exposure. This could perhaps be the result of viral evasion or antagonism strategies utilized by the live virus. It has been shown that some other members of the family Bunyviridae encode a nonstructural protein, NSs, which inhibits cellular IFN responses (5, 39) .
The ISG response observed is unlikely due to a soluble mediator with the ability to induce ISG contained within the virus stock, because the activity that induces ISG copurifies with viral particles in density gradients (data not shown). Furthermore, a convalescent-phase human plasma that exhibited a high titer of neutralizing antibodies, unlike the plasma of an uninfected control individual or antibodies against SNV-N antigen alone, was able to block induction of ISG56 mRNA when preincubated with the virus.
The substantial induction of the mRNAs of the chemokines RANTES (70-fold), IP-10 (247-fold), and IP-9 (258-fold) by the virus at 3 days p.i. is in accordance with the hypothesis that the disease involves immune mediators, as these molecules have the ability to recruit and activate T cells. Additionally, the cytokine interleukin-15 and the interleukin-15 receptor, which is a known proinflammatory molecule that is a T-cell activator and is expressed in many disorders, including pulmonary inflammatory diseases, was up-regulated fivefold (30) .
Hantaviruses enter cells through receptor-mediated endocytosis via ␤3 integrins (15, 16) . Integrins mediate many cellular functions, including adhesion and migration, and are able to transduce intracellular signals. In endothelial cells, many of these signals are involved in vascular homeostasis and development (10, 22) . It is possible that binding of integrins or accessory receptors by viral particles results in the activation of the observed antiviral responses. It is important to establish to what extent the activation of innate immune responses might contribute to pathogenesis by hantaviruses in vivo and how the native host species for hantaviruses escape this pathogenic process.
